Abstract. It is argued that anisotropic electron pitch angle distributions in the closed magnetic field regions of the Martian ionosphere gives rise to excitation of plasma instabilities. We discuss two types of instabilities that are excited by two different populations of electrons. First, the generation of Langmuir waves by photoelectrons with energies of the order of 10 eV is investigated. It is predicted that the measured anisotropy of their pitch angle distribution at the heights z≈400 km causes excitation of waves with frequencies f ∼30 kHz and wavelengths λ∼30 m. Near the terminators the instability of the electrostatic waves with frequencies of the order of or less than the electron gyrofrequency exited by thermal electrons is predicted. The typical frequencies of these waves depend on the local magnitude of the magnetic field and can achieve values f ∼3−5 kHz above strong crustal magnetic fields.
Introduction
It is well-known that many different types of plasma instabilities are excited in planetary plasmas (Treumann, 2000) . Radio waves are emitted in the plasma environment of planets whenever electrons are accelerated. In a plasma with a large number of free electrons accelerated in unison strong sources of wave radiation result. Waves may be excited owing to spatial anisotropies or spectral anomalies. The energy of the radiation may be taken from bulk flows or from energetic particle fluxes. The excited plasma waves propagate from the source region under control of the spatial variations in the background plasma and magnetic field. Space-borne plasma wave detectors have been used in the investigations of the complicated phenomena connected with plasma instabilities
Correspondence to: E. Nielsen (nielsen@linmpi.mpg.de) in the Earth's ionosphere, especially in the auroral regions (Gurnett, 1974) . Now significant attention is devoted to the exploration of the environment of Mars where an ionosphere similar to the Earth's ionosphere exists. In the present work we explore theoretically the possibility for wave activity in the closed magnetic field regions observed in the ionosphere of Mars.
On board the ESA spacecraft Mars Express the MARSIS experiment will probe the Martian plasma environment for plasma wave activity (Nielsen, 2004) . These predictions of plasma wave activity in the Martian plasma environment are, therefore, to be experimentally tested in the near future.
Recently, it was discovered that strong local crustal magnetic fields exist on the surface of Mars, especially in the Southern Hemisphere (Acuña et al., 1998) . These fields extend with significant amplitudes for hundreds of kilometers above the surface, forming mini-magnetospheres with closed magnetic field lines. At the footpoints the magnetic field can exceed large values of H≈1000 nT. Even at the heights z∼400 km these fields are strong enough to significantly to withstand the dynamical pressure of the solar wind.
Below the heights of z≤200−250 km collisions between electrons and neutral particles are frequent, while above such heights the plasma can be considered as almost collisionless. Thus, electrons moving along a magnetic loop suffer collisions at low altuitudes while they are nearly collisionless near the peak of the loop. Regions of magnetic loops are surrounded by cusp-like regions of magnetic field lines which extend into the solar wind. The properties of the ionospheric plasma within closed magnetic flux tubes, therefore, deviate significantly from the surrounding plasma. According to Krymskii et al. (2003) , in the closed tubes neutral particles are cooler and electrons are hotter than outside. One may speculate that electons are heated by some source inside magnetic loops (e.g. interaction with waves). As the exchange of energy across the magnetic field lines is reduced significantly in strong magnetic fields electrons are hotter in the loop than outside. Photoelectrons created and trapped on such crustal magnetic field loops were detected by the electron reflectometer (ER) on board Mars Global Surveyor (Mitchell et al., 2003) . The distribution function of these hot electrons were investigated by Liemohn et al. (2003) and it was shown that it is characterized by a pitch angle anisotropy. An anisotropy in the pitch angle distribution of charged particles leads to various plasma instabilities (Mikhailovskii, 1974) . The aim of this work is to attract attention to the possibility of wave excitation on closed magnetic field lines in the ionosphere of Mars. Two types of instabilities are theoretically investigated. These instabilities are associated with two distinctly different electron pitch angle distributions and electron energy ranges. We show that the observed sourcecone pitch angle distribution of photoelectrons with minimum flux at 90 deg pitch angle (Liemohn et al., 2003) can be the source of Langmuir waves. According to our analysis the instability is strong enough that the excited waves might be detected by the MARSIS wave detector. Then we consider the excitation of electrostatic waves with the frequencies of the order of the electron cyclotron frequency. The source of this instability is the anisotropic loss-cone distribution (maximum flux at 90 deg pitch angle) of thermal electrons. We argue that such a type of anisotropy should be more pronounced in the vicinity of the terminator, where the population of transit electrons (i.e. electrons with small pitch angle) quickly decreases in the absence of solar UV radiation. The two different electron populations are presented in the next two sections, and finally summerized and discussed.
Unstable photoelectron population

Conceptual model of photoelectron distribution on closed magnetic field lines
Recently, observations of the pitch angle distribution and energy spectra of photoelectrons in the Martian ionosphere were discussed by Liemohn et al. (2003) . The observations were made in regions of closed magnetic fields, i.e.
the measured electron fluxes were on magnetic loops with both ends of the magnetic field lines entering the neutral atmosphere. It was found that the pitch angle distribution of electrons with the energies from 10 eV to 300 eV was characterized by a minimum at 90 deg, while at higher energies, up to 700 eV, the distribution became nearly isotropic. This latter observation was suggested to indicate increased efficiency of scattering with growing energy, with the effect of filling in the minimum at 90 deg at high energies. The energy spectrum of the fluxes averaged over pitch angle had a power law dependence. In the case of equilibrium a spectrum is typically Maxwellian. The power law dependence indicates a lack of equilibrium, suggesting that the collision frequency between electrons is too small to support the total thermal equilibrium. These observations are indicative of the following scenario. Photoelectrons are generated by solar UV radiation interacting by scattering with the neutral atmosphere at low altitudes. This interaction results in a flow of photoelectrons from the top of the neutral atmosphere into the upward hemisphere. These electrons now propagate along the magnetic field lines conserving their magnetic momentum, such that a concentration of electrons with increased parallel velocities to the magnetic field will occur. This process will take place for electrons originating in both hemispheres (north and south). As a result, a pitch angle distribution near the top of the magnetic field lines with a minimum at 90 deg is produced. Such a pitch angle distribution is referred to as a source-cone distribution. While there is strong enough scattering of electrons at low altitudes, at the top of the magnetic loops, according to our estimates, the scattering is weak. This prevents the 90 deg minimum from filling-in, and also accounts for the observed power law energy spectrum. In this work it is shown that the pitch angle anisotropy of low energy photoelectrons (W≤10 eV ) at the top of closed magnetic field lines can lead to excitation of Langmuir plasma waves.
In the following section an analytical model of electron distribution functions is intoduced to allow a quantitative description of the energy spectra and pitch angle distribution. Figure 1 shows a typical pitch angle averaged (solid) and the transverse (dashed) electron fluxes versus energy associated with the model distribution function. The presented curves qualitatively reproduce the real pitch angle anisotropy of photoelectrons measured inside magnetic loops and their energy distribution. More detailed analysis of the problem will be given in the next section. This is followed by a discussion of excitation of Langmuir waves, including numerical estimates.
Distribution of photoelectrons in crustal magnetic loops
Suppose a magnetic loop is symmetric with respect to the point where the magnetic field is horizontal. With "s" being the coordinate along the field line let the coordinate of the horizontal point be s=0 while the two feet (the boundaries where plasma is still collisionless) have coordinates s=±L. As photoelectrons are created at both ends of the magnetic field line and travel upward their distribution is presented as
where
ph is the distribution of photoelectrons penetrating into the upper part of the loop from the two ends of the field line. The distribution F (+) ph contains electrons with positive longitudinal velocity v >0 while F (−) ph describes electrons with negative longitudinal velocities. The distribution functions F (±) ph are found as the stationary solutions of the Boltzmann kinetic equation
with the boundary conditions
Here v, −e, m are the velocity, the charge and the mass of electron, E is electric field, ω He =eH/mc is the gyrofrequency of elecrons, H is the magnetic field, c is the speed of light, h is a unit vector along the magnetic field line, µ= cos θ, θ is a pitch angle.
Taking into account that the magnetic field changes significantly along the field line we rewrite Eq. (2) for the stationary distribution of electrons in the upper (collisionless) part of the loop in the form (Lejeune and Wormser, 1976) vµ
Here H(s) is the absolute value of the magnetic field. The stationary electric field is assumed to be so weak that it does not influence the motion of photoelectrons and therefore it has been neglected in Eq. (4). The functions F
b (v, µ) describing the distribution of photoelectrons at the ends of the crustal loops in the Mars' ionosphere are not known. At the same time there is an indication based on the experimental data that the pitch angle distribution of photoelectrons in the upper part of the loop is anisotropic (Liemohn et al., 2003) . It is seen from Fig. 2 (in Liemohn et al., 2003) that in some cases the parallel flux of photoelectrons is larger than the flux in the transverse plane. Such an anisotropic distribution is called a source-cone distribution.
Let us now discuss possible analytical approximations for the distribution of photoelectrons in the upper part of crustal magnetic tubes. Taking into accout that the pitch angle averaged flux is observed to quickly decrease with increasing energy (as presented in Fig. 3 , Liemohn et al. (2003) ) we expect that the differential flux should have a power law spectrum at high energies or even to contain an exponential component (Maxwellian) with some effective energy W ph at low energies. It is possible to find several analytical solutions of Eq. (2) with such a component. The most simple of them is the Maxwellian distribution function:
The flux of electrons described by this function is isotropic in pitch angles. Hence, it does not correspond to the existing data. Another function is the so-called loss-cone distribution,
It describes the electrons trapped in a magnetic "bottle". The peculiarity of this distribution is the lack of electrons with large longitudinal velocities. Hence the corresponding flux has maximum at pitch angles close to θ =90 • instead of a minimum . At last we present the function in which the amount of electrons with large longitudinal velocities is enhanced:
where F(v 2 ) is a decreasing function of energy. For small energies W∼10 eV we take it in the form of the Maxwellian distribution Eq. (5). We consider Eq. (7) as a model distribution function of photoelectrons in the crustal loops. It is more convenient to use invariant variables v, ξ , instead of v, µ, where
It is clear that ξ changes within the interval
H (L) . The longitudinal and the transverse velocities in coordinates v, ξ take the form: . The real part is negative for 0.3<r<0.5, indicating that waves within that range can not propagate. Thus, for increasing concentration in the magnetic bottle, (decreasing ration) the whole frequency range below the electron gyrofrequency becomes transparent (Fig. 3a) .
Note that at the foot of a strong magnetic loop, where H(0)/H(s) 1, the distribution presented in Eq. (7) is almost isotropic. At the same time, near the top of the loop, the pitch angle anisotropy is clearly seen. Now we are in a position to calculate with the help of Eq. (7) the pitch angle anisotropy of electron fluxes. Let us designate dJ dW and dJ ⊥ dW the differential fluxes of electrons that correspond to pitch-angle θ =0 and θ =90 • , correspondingly. The ratio of such fluxes depends on the parameter j which is unknown. Taking for example j=1, we find for this ratio in the equatorial part (s=0) and at the bottom of the loop (s=±L):
Note that in the central part of the loop the parallel flux exceeds the transverse one several times because H(L) H(0), while at the bottom of the loop the two fluxes are close to each other. Also, it should be mentioned that the ratio of the fluxes according to Eq. (10) does not depend on energy.
To calculate the differential flux versus energy we need to specify the function F(v 2 ) in Eq. (7). It should be chosen in such a way that the pitch angle averaged flux d<J>/dW reproduces the real dependence on energy measured by Liemohn et al. (2003) . With the help of Eq. (7) such flux can be presented in the form:
where W is the energy W=mv 2 /2 and A 3 is determined by the concentration of photoelectrons:
We suggest the following approximation for F(W)
ph >W (1) ph , q and α are two more unknown parameters which should be chosen to fit the experimental data. For small energies W∼W 
ph ≈25 eV , q≈0.1, α≈5.3
Two fluxes (pitch angle averaged and transverse) for this chosen distribution function are presented in Fig. 1. 
Excitation of Langmuir waves
High frequency electrostatic waves are described by the Poisson equation:
Here φ is the potential of the electric field E=−∇φ, n is the perturbation of plasma concentration. The link between the two unknown functions n and φ is given by the Boltzmann equation (Eq. (2)) for the distribution function of electrons. The total distribution function is presented as
where F 0 is the stationary distribution of electrons within the crustal magnetic loop and f e is a small perturbation. The main part of the stationary distribution F 0 is given by the distribution of thermal electrons F th while a small additional contribution is produced by photolelectrons with the distribution function F ph (Eq. (1)).
Assuming that the perturbation of the electrons' distribution f e and the electric potential φ has small spacial scales (compared with the longitudinal variation of the magnetic field and undisturbed plasma concentration) we use the geometric optics approximation:
Heref e ,φ are the amplitudes slowly varying with s, ω is the frequency of the excited waves, k , k ⊥ are the wave numbers along and across the magnetic field. The substitution of Eq. (16) into Eq. (2) allows us to find the perturbationf e
where v is the longitudinal velocity of electrons. For the frequencies much higher than the Larmor frequency we can neglect the term containing the magnetic field. In this case it follows from Eq. (18) that
Thermal electrons that give the main input to plasma perturbation have rather small characteristic (thermal) velocity v Te ω/k . This is why they do not contribute to the resonance ω=k v , (the pole in Eq. (19)). As a result we arrive at the following approximate expression for the perturbed plasma concentration:
The substitution of Eq. (20) into the Poisson equation allows us to find the frequency of perturbations
The dispersion relation Eq. (21) (21) we have neglected the contribution of photoelectrons. Such electrons have large velocities and due to this they determine the input of the resonance ω=k v to the dispersion relation. This resonance corresponds to the well-known Landau damping, if the derivative ∂F ph /∂v is negative at the resonance point v r =ω/k and describes the growth rate if the derivative is positive. Taking into account the above mentioned resonance we find the perturbation of the plasma concentration has the form (compare to Eq. (21))
It is seen from Eq. (22) that positive values of the derivative ∂F ph /∂v give rise to plasma instability with the growth rate γ γ ≈ 4π e 2 m ω P e (N th ) k 2
It is clear that the peculiarities of the photoelectrons' distribution function in the magnetic tube influences the growth rate of the instability.
Typical parameters of the excited waves
Let us now find the derivative
∂v that enters the growth rate of instability. Note that the distribution of photoelectrons in the upper part of the loop consists of two parts F (±) ph (see Eq.
(1)). Suppose for certainty that we investigate the excitation of the Langmuir waves with ω>0, k >0. The resonance velocity for these waves is also positive v r >0. It means that only one part (F (+) ph ) of the distribution contains photoelectrons that can be in resonance with such waves. For the waves propagating in the opposite direction (negative resonance velocity), another part (F (−) ph ) in the distribution should be taken into account. Since we are interested in electrons with the energies W≈W ph , the part that contributes to the power law spectrum in Eq. (13) 
Unstable thermal electrons population
Conceptual model of thermal electron distribution on closed magnetic field lines
Not only photoelectrons but also thermal electrons will spread along the closed magnetic field lines. Note that the concentration of thermal electrons is much larger than the concentration of photoelectrons. The scattering of thermal electrons due to their low energies is stronger than for photoelectrons. This is consistent with the general trend that the particle scattering cross section increases with decreasing energy for Coulomb collisions. Like the photoelectrons the thermal electrons stream along the magnetic field lines to form a source-cone distribution at high altitudes. Note in this scenario that the electrons are lost in the opposite hemisphere after one bounce. One may refer to the source-cone particles as "transient particles". However, owing to scattering, electrons are transferred (mainly) towards larger pitch angles such that some electrons become trapped. The trapped population will sum-up over time to produce a flux around 90 deg pitch angle which will be equal to or less than the transient flux. However, near the terminator, for example, recombination at low altitudes may reduce the transient fluxes. As a result, the trapped fluxes may exceed the transient fluxes to form a loss-cone pitch angle distribution with maximum flux at 90 deg. Figure 2 shows the pitch angle averaged flux (dashed) and transverse flux (solid) of thermal electrons versus energy that corresponds to the loss-cone distribution. It will be shown that the pitch angle anisotropy of these low energy thermal electrons (W<1 eV) can lead to excitation of plasma waves with frequencies of the order of or less than the electron cyclotron frequency.
The electrostatic waves with frequencies below the electron gyrofrequency is often called electrostatic whistlers. They are converted into electromagnetic whistler mode waves by the scattering on plasma irregularities. Such linear mechanism of wave transformation is well-known for different types of waves (see e.g. Erokhin and Moiseev, 1979) . The observed isotropy of the energetic electron fluxes (W>300 eV) can be explained by the interaction of such electrons with electromagnetic whistler mode waves. Indeed, such interaction is quite efficient because the longitudinal phase speed of waves is of the order of the characteristic velocity of fast electrons.
Excitation of waves with the frequencies of the order of electron cyclotron frequency
In the previous sections the instability excited by photoelectrons that have anisotropy with respect to their parallel velocity was investigated. In this case thermal electrons play a passive role and contribute only to the real part of the frequency. Now we discuss the instability excited by thermal electrons. Thermal electrons penetrate into the upper part of the loop from below where they have a Maxwellian distribution. But in the upper part of the loop another population of thermal electrons appears. Due to rare collisions some electrons become trapped in the inhomogeneous magnetic field (magnetic "bottle"). As a result their distribution takes the form of the loss-cone type (see Eq. (6)). Under stationary conditions the concentration of trapped electrons is smaller or of the order of the concentration of transit electrons. But near the terminator it is quite probable that the concentration of trapped electrons becomes larger than the transit ones. Indeed, without UV radiation electrons begin to disappear due to recombination, attachment, transverse drift, diffusion. In the lower part of the loop, where the concentration of ions is large, the recombination with O + 2 ions, according to our estimates, is a main mechanism of loss for transit electrons. Chemical reaction rates in the Mars' ionosphere can be found in Krasnopolsky (2002) . As for the trapped electrons they oscillate in the upper part of the loop where the concentrations of neutrals and ions are small. The main mechanism of losses for them is the scattering into the loss-cone due to collisions. But it is known that the characteristic time of such scattering in the magnetic "bottle" is much larger than the inverse collision frequency of electrons (Pastukhov, 1987) . So it is possible to expect that trapped electrons disappear more slowly than transit ones. As a result the distribution function of thermal electrons near the terminator can be modelled by the combination of the loss-cone distribution
and a small admixture of the Maxwellian distribution
where N B , N M are the concentrations of the trapped electrons in the magnetic "bottle" and transit electrons, j=1, 2, ...
The theory predicts that due to loss-cone distribution plasma becomes unstable (Mikhailovskii, 1974) and different types of waves (electomagnetic and electrostatic) can be excited. In the Earth's magnetosphere such distribution is responsible for the excitation of Alfvén waves and whistler mode waves in the radiation belts (Bespalov and Trakhtengerts, 1986 ) and also electrostatic waves with frequencies of the order of the electron cyclotron frequency in the equatorial part of the magnetosphere (Kennel et al., 1970) .
The procedure of obtaining the frequency and the growth rate of instability is the same as described in Sect. 2.3. First, we need to find the perturbation of the distribution function in the magnetic field. The corresponding solution of the Boltzmann equation, Eq. (2), as an infinite sum with respect to different gyroharmonics is well-known (see, e.g. Mikhailovskii, 1974) . After the substitution of the concentration n(φ) into Eq. (1) we arrive at the dispersion relation. In the general case the real and the imaginary parts exist in this equation. Assuming that the imaginary part of the frequency (the growth rate) is small compared with the real one, we are able to split the dispersion relation into two different equations. It allows us to use the results presented by Karpman et al. (1974) with a small modification. Let us consider the most simple case when the transverse k-number of perturbations is large enough k 2 ⊥ ρ 2 e 1 while the longitudinal k-number is small a n = is the Larmor radius of electrons., n=0, ±1, ±2, ... In this case the real part of the dispersion relation reduces to
Here r=ω/ω He is the reduced frequency, ω
Pe are the plasma frequencies that correspond to the concentrations N M , N B ,
Further, we consider the case when the loss-cone is not too strong and set j=1, U=2. As a result, the imaginary part of the dispersion relation that determines the growth rate of instability takes the form:
where g= γ ω He is the reduced growth rate. Here ν ei is the collision frequency of electrons with ions,
In the case if the Maxwellian component is absent (N M =0), the above obtained results coinCide with the results presented in Karpman et al. (1974) . Note that the positive sign g>0 corresponds to the instability while the negative sign g<0 determines the attenuation of waves. In the discussed approximation we can also find the transverse V g⊥ group velocity of the excited wave:
The presented above results allow us to estimate the excitation of the electrostatic waves with the frequencies of the order of electron gyrofrequency within the closed magnetic field lines in the ionosphere of Mars.
Two obvious requirements have to be fulfilled simultaneously for the excitation of waves. First, the right-hand side of Eq. (28) should be positive and large enough (as according to our assumption k ⊥ ρ e 1). Second, the growth rate (see Eq. (29)), should also be positive. In this case the amplitude of the wave packet localized in some region within the closed magnetic field line starts to grow in time. At the same time the packet moves along and across the magnetic field line with the group velocities V g , V g⊥ , correspondingly. This motion provides the linear mechanism of the amplification because the parameters of plasma and magnetic field change in space. The energy density of the wave packet with the central Fourier harmonic k 0 calculated by Karpman et al. (1975) can be presented in the form:
The propagation of the wave packet in the geometric optics approximation is described by equation
The last term in Eq. (33) corresponds to the nonlinear interaction between waves that contributes to the stabilization and the formation of the stationary spectrum of waves. Below only linear effects are taken into account. Let us introduce the typical scales L ⊥ and L for the inhomogeneities of the medium across and along the magnetic field lines. Assuming that the inhomogeneity across the magnetic field line is stronger than along the field line, we are able to estimate the amplification Q of the excited wave in the linear approximation:
If Q 1 we expect strong amplification of waves. The ratio g k 0 /V g⊥ that enters Eq. (34) can be presented in the explicit form taking into account Eqs. (28) and (30). As a result, we find the amplification Q as the following: Fig. 4a . There is no growth of waves in the range 0.1<r<0.22. Calculation also shows that for r>0.56 there is negative growth. For a ratio of 0.4 there are no unstable waves. Only for fairly large trapped thermal electron population (ratio ∼0.25) are waves excited.
that enters the denominator of Eq. (35) can be found from Eq. (28). In the next section we present some numerical estimates for the amplification (35) on the closed magnetic field lines in the ionosphereof Mars.
Numerical estimates for the waves excitation
Our estimates are based on the available experimental data concerning the distribution of plasma concentration and magnetic fields in the ionosphere of Mars (see Acuña et al., 1998; Krymskii et al. 2003; Mitchell et al., 2001; Shinagawa, 2004 ). Unfortunately, these data are not sufficient for detailed analysis. This is why only rather crude estimates are given below. We use the data that correspond to the sunlight side and the height z≈400 km. For our calculations we need to specify several main parameters: a, ω Pe (N B ), N M /N B , v Te , ω He , ν ei . Let us take a=5, ω Pe /ω He =25, ω He =10 4 s −1 , v Te =10 7 cm/s, ν ei =0.03 s −1 . Our aim is twofold. First, to investigate how the ratio of concentrations N M /N B influences the growth rate of the instability. It is clear that when this ratio becomes large enough the instability should disappear. Second, to find out at what frequency r for a given ratio N M /N B the strongest amplification is expected. In this paper we discuss only the frequency range 0<r<1 where the largest growth rate for the given parameters is expected.
First, we calculate the right-hand side of Eq. (28) The reduced growth rate g=γ /ω He as a function of r for the same low range of frequencies and small ratio N M /N B =0.25 is presented in Fig. 4a . We see that there is a restricted range of frequencies r<0.47 within which the positive growth rate exists. Note that a rather narrow region in the vicinity of r∼0.28−0.33 cannot be investigated in the chosen approximation. The denominator in Eq. (29) in this region tends to zero. The calculations of the growth rate for the second and larger ratio of concentrations is presented in Fig. 4b . It is clear from this figure that the instability dissapears. This result represents one of two regions where plasma is transparent (r<0.3). For the other region, r>0.56, calculations also show that there is no instability. It means that the instability disappears for too little admixture of Maxwellian plasma (too large ratio N M /N B ). The amplification factor Q calculated with the help of Eq. (34) Q∼200 shows that the waves with the reduced frequencies r∼0.33−0.4 should have large amplitudes. To estimate them correctly nonlinear processes should be taken into account. This problem will be investigated elsewhere.
Note that in the same manner the excitation of electrostatic waves with higher frequencies ω>ω He can be investigated. It can be shown that the growth rate of the instability for such waves decreases to compare with the lowest frequency band ω<ω He . This is why we discussed only the excitation of waves with the frequencies below the gyrofrequency of electrons.
In our analysis we have discussed the case when the plasma frequency is much larger than the gyrofrequency of electrons. It allowed us to use rather simple formulas applicable for large transverse wave numbers k ⊥ ρ e 1. We predict excitation of waves near the terminator where the plasma frequency is still not too small. Hence, we expect that the restriction ω P e ω H e is still valid near the terminator. During nighttime conditions (far from terminator), it is hardly possible to expect the excitation of waves. Therefore, we didn't discuss the case that corresponds to small plasma frequencies ω P e ≤ω H e .
Discussion and conclusion
We have suggested a model distribution function for photelectrons in the closed magnetic field regions, source-cone distribution, Eq. (7). It corresponds to the case when there are no collisions of photoelectrons in the upper part of the magnetic flux tubes. For such a distribution the flux of electrons along the field line is larger than the particle flux across the magnetic field. Since the instability is easier excited for an increased anisotropy, the analysis corresponds, therefore, to a conservative estimate. At the same time, for the chosen distribution this flux ratio does not depend on the energy (see Eq. (10)). According to Fig. 11 in Liemohn et al. (2003) , the observed flux ratio fluctuates significantly with energy but, on average, it is almost constant, justifying the suggested distribution. With the help of this distribution function we have estimated the concentration (N ph =1.6 cm −3 ) and the characteristic energy (W r ≈4.4 eV) of photoelectrons on the closed magnetic field lines. The introduced model pitch angle distribution of photoelectrons allows us to investigate the possible excitation of Langmuir waves and the growth rate of the instability. We expect the growth rate to be large enough for significant amplification of the Langmuir waves. The typical parameters of the excited waves are the following. At the height z≈400 km on the sunlit side the frequency is of the order of ω Pe ≈2.10 5 s −1 . It becomes larger on the inner magnetic field lines where the ionosphere is more dense. At the same time the range of the characteristic wavelengths of the excited perturbations decreases from λ≈2, 7.10 3 cm at the height z≈400 km up to λ≈6.10 2 cm at the heights z≈300 km. While the frequencies ω>6.10 5 s −1 can be easily detected by the MARSIS radar on board the Mars Express the corresponding wavelengths are too small for a 40-m antenna. Nevertheless, we expect that nonlinear processes can change the spectrum significantly, thus allowing the registration of the waves by the MARSIS radar.
The details of the pitch angle distribution function of photelectrons can give important information about the interaction of the electrons with these waves. Our estimates show that the resonance electrons have energies W r ≈5−6 eV. Due to the interaction of these low energy electrons with the excited waves, the distribution of photoelectrons along the magnetic field line should become more or less flat within this energy range, to diminish the growth rate of the instability. This is in contrast to the observed source-cone distribution at larger energies. So it would be interesting to measure the pitch angle distribution of photoelectrons at such small energies. Unfortunately, due to positive charging of MGS, only electrons with the energies W>10 eV were detected by Liemohn et al. (2003) . Observations of >3 eV electron fluxes were made on board the Phobos-2 spacecraft, but the detailed pitch angle distributions were not measured (Verigin et al., 1991) .
We have also discussed the excitation of electrostatic waves with the frequencies of the order of the electron gyrofrequency. We expect these waves to be generated, first of all, near the terminator, where the loss-cone ditribution of thermal electrons can be formed. While we concentrated on the waves with the frequencies below the electron gyrofrequency ω<ω He , waves with higher frequencies ω>ω He can also be excited. But the maximum growth rate of the instability is achieved for the lowest frequency range, ω<ω He , that corresponds to the electrostatic whistlers. Such electrostatic whistlers in the presence of plasma irregularities transform into ordinary whistler mode waves that can escape far away from the region of generation.
At the present time there are two indications that plasma waves are excited in the closed magnetic loop regions. First, according to Krymskii et al. (2003) , the electrons inside such loops are hotter than outside. It can be caused, at least partly, by the interaction with waves. Second, the peculiar nearisotropic pitch angle distribution of the high energy photoelectrons (W>100 eV) can be explained by the interaction and scattering of electrons by whistler mode waves (Liemohn et al., 2003) .
In our paper we have analysed only two types of instabilities which might be excited in particular regions of the ionosphere of Mars. We didn't discuss physical processes in the vicinity of the cusp-type magnetic configurations or close to the magnetic pile-up boundary where the acceleration of electrons can take place. It is known that fast electrons can be the source of wave excitation. We have not investigated low frequency gradient-drift instabilities caused by inhomogeneities of plasma distribution and magnetic fields. Such instabilities play a significant role in the Earth's ionosphere and can also be expected in the ionosphere of Mars.
